Laboratory testing for dengue virus is used to confirm the diagnosis of dengue virus infection and to differ-
Dengue fever (DF) and dengue hemorrhagic fever (DHF) are caused by the dengue virus (family Flaviviridae, genus Flavivirus). Worldwide, it is considered to be the most important arthropod-borne disease with an estimated 50 to 100 million cases of DF annually and over 2.5 billion people at risk of the infection.
1,2 DF and DHF are caused by four antigenically similar viruses, DEN-1 to DEN-4, but infection with one virus does not provide cross-immunity to infection with other serotypes. Symptoms of dengue fever are often nonspecific, frequently mimicking other illnesses such as influenza, malaria, chikungunya, leptospirosis, measles, typhus, or typhoid. 3 Consequently, laboratory testing for DF and DHF is needed to confirm the diagnosis and to differentiate dengue from other febrile illnesses.
DF can be diagnosed by virus isolation, but the procedure is time consuming and generally requires a week of incubation. Currently, the most common method used by laboratories for the diagnosis of DF is detection of dengue antibodies using a capture enzyme-linked immunosorbent assay (ELISA) for IgM antibody or the detection of a rise in IgG antibody titer in paired sera. However, convalescent-paired sera for IgG antibodies are of little practical use in early management of patients. Furthermore, IgM antibodies are often absent in the acute phase of the illness and may be totally absent in secondary dengue virus infection. In addition, IgM antibodies may cross-react with other arboviral infections, eg, yellow fever or Japanese encephalitis. Therefore, there is a need to develop rapid laboratory diagnostic tools that will allow for early and accurate diagnosis and treatment.
The development of the polymerase chain reaction has facilitated the introduction of a number of rapid diagnostic assays for detection of viruses, including several for dengue viruses. 4 -7 However, most of these studies have been retrospective in design and were conducted on known culture-positive human samples or used for detection of dengue viral RNA from cell cultures and mosquitoes. Nevertheless, they confirm that nucleic-acidbased assays are promising tools that may shorten the time required for results and improve early diagnosis of DF. In addition, they may permit virus serotyping for epidemiological studies and can also be used to construct phylogenetic trees to monitor the evolution of geo- graphic strains of dengue virus. 8 However, these tests are rarely available outside a research center and are not routinely used in the clinical management of patients.
In an attempt to validate the diagnostic sensitivity, specificity, and appropriate clinical application of the RT-PCR for detection of dengue viruses in patients, we prospectively evaluated a semi-nested multiplex RT-PCR that is group-and serotype-specific for dengue viruses types 1 to 4. Simultaneous dengue virus culture and IgM capture ELISA serology were also performed.
Materials and Methods
Between 10 October 2002 and 31 January 2003, we enrolled consecutive patients with a febrile illness suspicious for DF or DHF at the National University Hospital, Singapore. This is a 921-bed tertiary referral hospital that is also the teaching hospital for the National University of Singapore Medical School. Patients who had samples submitted for both dengue virus RT-PCR and IgM serology were considered eligible for the study. Patients were followed prospectively until discharge from the hospital, and clinical and laboratory data were entered into a standardized Dengue Data Form. Patient demographics, clinical symptoms and signs, laboratory findings, and diagnoses were entered. Statistical calculations were performed using SPSS version 10.0 (SPSS, Chicago, IL).
Dengue Serology
Dengue serology was determined using a dengue IgM capture ELISA assay (Focus Technologies, Cypress, CA) according to the manufacturer's recommendations. The test has a stated sensitivity of 85 to 95% and a specificity of 98%.
RT-PCR
Genomic RNA was extracted from plasma samples using the Qiagen viral RNA mini kit (Qiagen GmbH, Heiden, Germany). Complementary DNA (cDNA) synthesis was performed by reverse transcription using 12.5 l of the RNA template in a 25-l final reaction volume with 200 units of Moloney murine leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA). Amplification was performed using a 5-l sample cDNA in a 25-l final reaction volume with 1 unit of Hotstar TaqDNA polymerase (Qiagen GmbH), 0.5 mmol/L MgCl 2 , 0.4 mmol/L each of dNTPs, and 0.4 mol/L of each primer. A highly conserved area within the NS3 region of the dengue genome was amplified using consensus primers DV-1 (5Ј-GGRACKTCAGGWTCTCC-3Ј) and DV-3 (5Ј-AARTGIG-CYTCRTCCAT-3Ј). The samples were amplified as follows: initial denaturation at 94°C for 10 minutes, followed by 35 cycles of denaturation (94°C for 1 minute), annealing (50°C for 30 seconds), and DNA molecule extension (72°C for 1 minute). Semi-nested PCR was then performed using serotype-specific primers DSP-1 (5Ј-AGT-TTCTTTTCCTAAACACCTCG-3Ј), DSP-2 (5Ј-CCGGTGT-GCTCRGCYCTGAT-3Ј), DSP-3 (5Ј-TTAGAGTYCTTAAG-CGTCTCTTG-3Ј), and DSP-4 (5Ј-CCTGGTTGATGACAA-AAGTCTTG-3Ј) and DV-1 (5Ј-GGRACKTCAGGWTCTCC-3Ј) ( Table 1) . Amplification was performed using the GeneAmp PCR Systems 9700 Thermocycler (Applied Biosystems). The detection limits of the semi-nested RT-PCR using the serotype-specific primers are 1 plaqueforming unit for dengue serotypes 1, 2, and 4 and 0.01 TCID 50 for serotype 3. The dengue virus serotype-specific primers have been previously shown not to amplify DNA from the related flaviviruses Japanese encephalitis, West Nile (Kunjin), and yellow fever viruses. 9 The samples were amplified as follows: initial denaturation at 94°C for 10 minutes, followed by 35 cycles of denaturation (94°C for 1 minute), annealing (50°C for 30 seconds), and DNA molecule extension (72°C for 1 minute). Amplified product was analyzed by electrophoresis in a 3% agarose gel (Figure 1 ).
Virus Culture
Virus culture was done using C6/36 Aedes albopictus cell line (CRL-1660; American Type Culture Collection Manassas, VA). In brief, an aliquot of patient plasma that was used for RT-PCR was inoculated onto a 90% confluent monolayer of cells. Liebovitz medium (Sigma-Aldrich, St. Louis, MO) supplemented with 5% fetal calf serum was added after adsorbing the serum to the cells at 32°C DV1  5Ј-GGRACKTCAGGWTCTCC-3Ј  4918 to 4934  DV3  5Ј-AARTGIGCYTCRTCCAT-3Ј  5384 to 5368  470  DSP1  5Ј-AGTTTCTTTTCCTAA ACACCTCG-3Ј  5067 to 5045  169  DSP2  5Ј-CCGGTGTGCTCRGCYCTGAT-3Ј  5279 to 5260  362  DSP3  5Ј-TTAGAGTYCTTAAGCGTCTCTTG-3Ј  5174 to 5152  265  DSP4  5Ј-CCTGGTTGATGACAAAAGTCTTG-3Ј  5342 to 
Results
A total of 121 patients were considered eligible for the study. Nine patients were excluded from the final analysis; four did not have simultaneous dengue virus serology, and five patients did not have RT-PCR submitted.
The results of 112 patients were available for analysis. Overall, 62 patients (55%) were assessed by investigators to have dengue fever based on established clinical criteria. 2 The mean age of patients was 35.4 years; there were 41 males (66%) and 21 females (34%).
RT-PCR
The RT-PCR was positive in 40 of 62 dengue patients. The overall sensitivity and specificity were 64.5 and 100%, respectively. The median time to RT-PCR positivity was 4.5 days (mean, 4.5 days; range, 2 to 7 days). Analysis of blood samples examined within 5 days after the onset of fever showed an improved RT-PCR sensitivity of 70% with specificity of 100%. The positive predictive value and negative predictive value were 100 and 84%, respectively. In addition, the RT-PCR was positive in 15 patients (24%) who were assessed to have clinical dengue but were IgM serology-negative. Analysis of a subgroup of patients who were RT-PCR-positive alone showed a mean of 4.4 days to RT-PCR positivity compared with 5.9 days in patients who were RT-PCR-negative and IgM serology-positive (P ϭ 0.03, Mann-Whitney U-test). The prevailing dengue serotypes were as follows 25 with Den-2, eight with Den-3, and seven with Den-1 infection.
Serology
IgM serology was positive on initial testing in 43 of 62 (69%) dengue patients (mean number of days of illness: 5.5 days, range 3 to 11 days). Another 13 patients had positive IgM serology on repeat convalescent testing of samples. The overall sensitivity and specificity of the IgM serology was 90.3 and 80%, respectively. The positive predictive value and negative predictive value were 85 and 87%, respectively. False positive IgM serology results were found in 10 patients: three patients with typhus, one with HIV infection, one with acute hepatitis B, one with malaria, one with systemic lupus erythematosus flare, and three with bacterial sepsis.
Virus Culture
Virus culture was performed on 105 plasma samples. Seven samples were not examined for culture because of insufficient plasma. Only 11 plasma samples were positive by virus culture. All these samples were also positive by RT-PCR, and there was 100% concordance between the dengue serotypes identified by virus culture and RT-PCR.
Discussion
RT-PCR has been developed for the diagnosis of several infectious diseases, and in recent years, it has been revolutionizing the laboratory diagnosis of viral infections. This method is rapid, sensitive, specific, and can be used for genome detection in human clinical samples, biopsies, autopsy tissues, or mosquitoes. 10, 11 In this study, we prospectively evaluated the use of a semi-nested dengue virus RT-PCR assay with IgM serology and virus culture to determine the appropriate clinical application and diagnostic value of RT-PCR for the diagnosis of DF/DHF. In Singapore, both DF and DHF are legally notifiable diseases based on clinical criteria without waiting for laboratory confirmation, and hence, DF and DHF is primarily a clinical diagnosis. 12 We found that the RT-PCR assay was a useful diagnostic tool for samples collected in the first 5 days of illness with a sensitivity of 70% (mean of 4.4 days to RT-PCR positivity compared with 5.9 days in patients who were RT-PCR-negative, P ϭ 0.03, Mann-Whitney U-test). The RT-PCR also detected dengue virus in 15 patients in the acute phase of illness who were assessed to have clinical dengue but were dengue virus IgM ELISA-negative. Overall, our results agree with the observations made by Gubler et al, 13 Vaughn et al, 14 and Lanciotti et al 4 that virus isolation or RT-PCR is only successful in the early phase of illness as dengue viremia is short-lived.
Uncomplicated DF is generally a 5-to 7-day illness, and IgM antibodies in primary dengue virus infection appear within 2 days of defervescence and peak at 2 weeks but may be absent in secondary dengue infection. 15 We observed a similar result in our study; the IgM capture ELISA was only positive in 43 of 62 (69%) dengue patients during initial testing (mean number of days of illness at positive testing 5.5 days). Repeat convalescent testing yielded another 13 positive samples for an overall sensitivity of 90.3%. In addition, we found that serological diagnosis of dengue was less specific than RT-PCR, 80% (with 10 false positive results) versus 100%, respectively. Dengue IgM antibodies may remain detectable for up to 3 months after infection, and interpretation of positive serology can be difficult. 16 It is thus worth emphasizing the importance of correlating serology results with patient clinical data and recognizing the study limitations involved in the use of dengue IgM antibody testing alone.
The relatively low sensitivity of RT-PCR in our study may be due to the fact that the majority of samples were submitted after day 5 of illness onset. The mean calculated number of days at RT-PCR submission was 6.3 days. This is a reflection of the fact that patients were hospitalized late in their illness, mean of 4.5 days, which is consistent with the findings of other studies of hospitalized dengue patients in Singapore. 17, 18 Our findings suggest that an improved sensitivity may be obtained if RT-PCR is used early during illness, ideally within 5 days of the illness, or in the outpatient setting when patients are first assessed (the use of RT-PCR in outpatients is currently being evaluated in the EDEN study-Early Dengue infection-in Singapore and has shown excellent sensitivity; B. Sil, personal communication). In addition, our RT-PCR protocol did not control for the presence of PCR inhibitors that might account for some loss of sensitivity.
Although there was 100% concordance for dengue virus serotyping between RT-PCR and virus culture, the RT-PCR was much faster, 8 hours compared with Ͼ7 days, and we found virus culture to have a lower sensitivity in our study. This may be due to the fact that most other studies comparing virus culture and RT-PCR were conducted retrospectively using patient samples that were known to be dengue virus culture-positive. We wanted to limit the discomfort of repeated venepuncture in our study, so virus culture was performed using the remaining plasma that had been collected for RT-PCR. The plasma was stored at Ϫ70°C before transport to the virology laboratory where it was thawed for virus culture. The delay in set-up for virus culture, freeze-thawing of samples and the use of plasma instead of serum for culture may account for the lower rates of virus isolation.
We found that a useful characteristic of the RT-PCR assay is its ability to accurately identify the dengue serotype responsible for ongoing disease transmission. Changes in the dominant circulating dengue serotype have been associated with epidemics of dengue infection and are thus of epidemiological relevance. 19 In addition, a prompt response to vector control is an important component of interrupting dengue transmission. However, this is dependent on rapid case notification. Therefore, RT-PCR may reduce the time between case recognition and the initiation of emergency control operations needed to identify vector-breeding sites and to begin source control and fogging.
Laboratory testing for dengue using a combination of RT-PCR and IgM serology allows for rapid diagnosis and is able to differentiate dengue virus infection from other febrile tropical illnesses. We propose that for hospitalized patients a useful algorithm for dengue confirmation is to reserve RT-PCR testing for those patients who are admitted within 5 days of illness onset and to use the IgM capture ELISA in those patients admitted after day 5 of illness. This has now become an accepted protocol for dengue testing at our hospital and is an evidence-based approach to test selection. We believe that this testing algorithm should also be applicable in nonendemic countries such as the United States, where the disease is likely to be increasingly encountered in returning travelers. 20 
